Abstract-This paper presents a strategy for achieving metrological traceability using vector network analyzers (VNAs) at submillimeter-wave frequencies (300-3000 GHz). The strategy includes the use of traceable calibration techniques designed for operation at these frequencies. Slight, but significant, physical differences between the waveguide line standards, used during calibration, are accommodated by applying a weighting technique to combine results using different calibration lines. Measurement uncertainty is assessed by analyzing replicate measurement data, to take account of the different waveguide interface interactions that occur when the line standards are connected to the VNA. The strategy is illustrated using measurements made in the WM-250 (750-1100 GHz) waveguide band.
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I. INTRODUCTION
A RECENT technology roadmap [1] highlighted the rapid growth in the exploitation of technology that uses the submillimeter-wave (i.e., terahertz) part of the electromagnetic spectrum. This included the development of electronic components (including semiconductors) that operate at these frequencies. Several recent large research activities have concentrated on the development of these semiconductor device technologies. For example, the USA DARPA THz Electronics Program [2] developed electronic components (i.e., transistors, etc.) to enable electronic circuits to be realized for communications applications-specifically, at three frequencies (670, 850, and 1030 GHz) corresponding to "propagation windows" (where atmospheric attenuation is relatively low) in this part of the electromagnetic spectrum. A related research activity in Europe was the "dotseven" EU project [3] , which developed electronic component capabilities to 700 GHz. Manuscript The development of such devices has driven the need for accurate and reliable measurement capabilities to enable these devices to be tested and characterized for use in practical circuits, such as amplifiers, transceivers, etc. This paper describes some recent work on establishing a strategy for providing traceable measurement capabilities at these frequencies-specifically, in waveguide bands covering the whole submillimeter-wave frequency region (i.e., from 300 to 3000 GHz). This frequency range includes all the above-mentioned frequencies of interest. Implementation of the strategy is shown with some example measurement results obtained in the WM-250 waveguide band (from 750 to 1100 GHz).
II. CALIBRATION STANDARDS AND TECHNIQUES
At radio, microwave, and millimeter-wave frequencies, measurements of electronic devices are usually made using vector network analyzers (VNAs). The accuracy of the VNA measurements is assured through the use of reliable calibration techniques and reference standards that are traceable to the International System of units (SI) [4] . The most appropriate standards for this purpose are usually sections of precision transmission lines. For example, air dielectric coaxial lines have been used as such standards at frequencies up to 65 GHz [5] and sections of air-filled rectangular metallic waveguide have been used at frequencies up to 110 GHz [6] . In both cases, these standards are used in conjunction with the Thru-Reflect-Line (TRL) [7] and Line-Reflect-Line (LRL) [8] calibration techniques to establish measurement traceability for the calibrated VNA. Measurement traceability is achieved by performing dimensional measurements on these Line standards and linking these dimensional measurements to the SI base unit, the meter.
These TRL and LRL calibration techniques can be extended to higher frequencies (i.e., above 110 GHz), again, using precision sections of the waveguide as the reference standards. However, consideration is needed regarding the shorter wavelengths that occur at these higher frequencies.
First, the TRL and LRL calibration schemes require very accurate dimensional characterization of the first of these standards because the electrical characteristics (i.e., S-parameters) of the first standard needs to be assumed to be fully known [8] . In the case of TRL, the first standard is a Thru connection which does not involve the use of a physical length of the line-it is achieved by simply joining the two VNA test ports together. However, in the case of LRL, the electrical characteristics of 2156-342X © 2019 Crown Copyright the first Line standard need to be assumed to be fully known. Such a characterization is usually performed using dimensional measurements. Measured imperfections in the dimensions of the waveguide Line standard impact the quality of the LRL calibration. At low frequencies, where wavelengths are relatively long, the impact of these dimensional imperfections will be relatively small. However, at high frequencies (i.e., above 110 GHz) these dimensional imperfections in the Line standard can no longer be ignored. For this reason, the LRL calibration technique is not recommended for high precision measurement applications above 110 GHz.
Measurement traceability has previously been implemented at these high millimeter-wave frequencies using a modified version of the TRL calibration technique [9] - [11] . In a conventional TRL calibration, the Line standard consists of a section of line that provides a change in the transmission phase, with respect to the Thru connection, of approximately 90°-i.e., ¼-wavelength (¼-wave)-at frequencies around the middle of the waveguide band. However, at higher frequencies (where wavelengths are small), this requires the use of a line with very short length (for example, a ¼-wave line in WM-250 waveguide, which operates from 750 to 1100 GHz, is only 108 μm in length). Such a short section of line can easily be damaged during use and so such lines are not considered suitable for this role. The modified TRL technique in [9] - [11] , for calibrations over the frequency range 110 to 330 GHz, used two sections of waveguide (for each waveguide band) providing a phase change of 270°(i.e., ¾-wave) at two different frequencies across the waveguide band-one in the lower half of the band and one in the upper half of the band. This technique has been described in detail in [12] , which presents generalized calibration strategies for VNAs at these millimeter-wave frequencies. Ridler [12] also described extending these strategies to submillimeter-wave frequencies by using three sections of waveguide providing a phase change of 450°(i.e., 5/4-wave) at three different frequencies across a given waveguide band. However, it is quite time consuming to connect the three lines that are needed with this technique to cover the full bandwidth of each waveguide band (and also increases measurement uncertainty due to misalignment) and so this technique has not been implemented routinely at these submillimeter-wave frequencies.
An alternative strategy is to keep using just two ¾-wave lines at these submillimeter-wave frequencies. According to [12] , the following steps are used to determine the lengths of the two TRL lines to achieve ¾-wave TRL calibration in any given waveguide band.
Step 1: Determine the length of the first line, l 1 , as follows:
where λ g(max) is the guide wavelength at the lowest recommended frequency in the waveguide band and ϕ min is the minimum recommended phase change. The TRL calibration scheme works optimally when the difference in phase between the Thru and the Line standards is (2n + 1)λ/4 and fails completely when this phase difference is (2n)λ/4 (where, in both cases, n = 0, 1, 2, …). Therefore, the lengths of TRL lines are chosen to avoid providing phase differences that are close to these calibration failure points. In [12] , a minimum phase difference criterion was set such that all phase differences were at least 30°away from the calibration failure points. For a ¼-wave TRL calibration, these calibration failure points occur at 0°and 180°. For a ¾-wave TRL calibration, these calibration failure points occur at 180°and 360°. Therefore, when implementing a ¾-wave TRL calibration procedure, phase changes are designed to be at least 30°greater than 180°(i.e., >210°) and at least 30°less than 360°(i.e., <330°). Therefore, ϕ min = 210°in (1)
Step 2: Establish the useable upper frequency limit for l 1 , i.e., the frequency at which the maximum phase change, ϕ max (=330°), occurs. This is achieved by determining the guide wavelength, λ g(f ) , at the frequency f at which the maximum phase change occurs
and then determining f using
where ν is the speed of electromagnetic waves in the air-filled waveguide and λ 0 is the waveguide cut-off wavelength.
Step 3: Determine the length of the second line l 2 which gives the maximum phase change, ϕ max (=330°), at the maximum recommended frequency for the given waveguide band
where λ g(min) is the minimum guide wavelength, which occurs at the highest recommended frequency in the waveguide band.
Step 4: Establish the useable lower frequency limit for l 2 , i.e., the frequency at which ϕ min (=210°) occurs. This is achieved by determining the guide wavelength, λ g(f ) , at the frequency f at which the maximum phase change occurs
then calculating f using (4). To illustrate this procedure, Table I shows ¾-wave TRL line choices for standardized waveguide bands [13] in the submillimeter-wave region-i.e., from 330 to 3300 GHz. (Note: at the time of writing this paper, VNAs are not commercially available in waveguide bands beyond WM-164.) III. LINE CHANGEOVER Table I shows that, for each waveguide band, the useable bandwidths for both lines l 1 and l 2 show some overlap-i.e., frequencies where either line can be used to achieve satisfactory calibration. For example, in the WM-380 band, since l 1 can be used from 500 to 620 GHz and l 2 can be used from 570 to 750 GHz, the overlap region where both lines can be used is from 570 to 620 GHz (a bandwidth of 50 GHz). When the ¾-wave TRL calibration technique has been used previously at millimeter-wave frequencies [9] - [11] , a line changeover frequency has been selected somewhere within this overlap region (e.g., at a frequency in the middle of the overlap region) so that l 1 is used as the TRL Line standard at all frequencies up to the changeover frequency and l 2 is used as the TRL Line standard at all frequencies at and above the changeover frequency.
However, at submillimeter-wave frequencies, it has been found that the change between using the two different line standards introduces a step-change in the measurement results made using a VNA calibrated using this ¾-wave TRL technique. Such step changes are due to either differences in the waveguide dimensions, or the flange connection tolerances for the two line standards, or both. An example of such a step in measured Sparameters is shown in Fig. 1 , which shows an S 21 measurement of a 270 μm length of the line as a DUT in the WM-250 waveguide band, i.e., from 750 to 1100 GHz. Fig. 1(a) and (b) shows the real and imaginary components of S 21 , respectively. The frequency range where the 388 μm line is used as a standard is shown using a blue trace; the frequency range where the 298 μm line is used as a standard is shown using an orange trace. The step in the measured S-parameter that occurs at around 880 GHz is due to the change in the use of the two calibration line standards-i.e., changing from using l 1 = 388 μm to l 2 = 298 μm (shown in Table I ). Each line will have slightly different dimensional imperfections-in effect, each line provides a different reference impedance which significantly impacts the calibration quality.
To avoid the step change in VNA calibration that occurs at submillimeter-wave frequencies, when changing between different calibration line standards, a combining function is introduced that effectively makes use, to some extent, of data from both lines that are used during calibration. Recognizing that the data from both lines will not be equally well conditioned at all frequencies (due to the proximity of the phase change due to the line with respect to the calibration failure frequencies) a weighting function is used to combine the two sets of S-parameter results: one set of results derived using l 1 as the TRL line standard; the other set of results derived using l 2 as the TRL line standard.
It was recognized in [14] and [15] that measurement error due to a line's phase difference (with respect to the thru connection) is inversely proportional to the sine of the phase difference. It, therefore, seems reasonable to base a weighting function around the sine function. In practice, a sine squared weighting function is used here to ensure: first, the weights are always positive; and second, the weight decays rapidly away from the region where the ¾-wave calibration gives optimum performs-i.e., at the frequency corresponding to a ¾-wavelength. Therefore, at each measurement frequency, the data is weighted according to how well suited the TRL line standards l 1 and l 2 are for providing data at any given frequency.
First of all, we assign weights w i such that 0 < w i < 1, according to the phase φ i of line standard i (i = 1 or 2)
For example, w i = 0 at 2nλ g /4, and w i = 1 at (2n + 1)λ g /4 (for n = 0, 1, 2, …), where λ g is the guide wavelength.
We then use a weighted meanx of data, x i , from the two lines, at each frequencyx Fig. 1 , as a DUT, measured with respect to both TRL calibration line standards (nominal lengths l 1 = 388 μm and l 2 = 298 μm), before attempting to combine the two sets of measurement results. Fig. 2(a) shows results for the real component of S 21 and Fig. 2(b) shows results for the imaginary component of S 21 .
If the previous method of using just one line as the calibration line standard at each frequency is used, and a changeover frequency in the overlap region is used to combine the two sets of data, the results obtained are as shown in Fig. 1(a) and (b) (where the line changeover frequency was chosen to be around 880 GHz). A step is clearly seen at 880 GHz corresponding to the change between the two calibration line standards. This is clearly not attributable to the performance of the DUT and therefore indicates significant measurement error emanating from the calibration process.
Returning to Fig. 2 , both traces in each graph show results that are significantly different from each other. There is also clear instability in the results approximately 840 GHz, for one set of measurements (using the 289 μm line standard), and approximately 950 GHz, for the other set of measurements (using the 388 μm line standard). These instabilities correspond to the calibration failure frequencies when the phase change for the line standard passes through either 180°or 360°.
In practice, it has been found that the frequencies at which these calibrations become unstable do not correspond exactly with the frequencies predicted by phase changes calculated from the measured mechanical length of the lines. This is due to departures in the phase constant of the line, from the classical value, due to effects such as finite conductivity and surface roughness of the internal walls of the waveguide line. Since the S-parameter results of the DUT clearly show the frequencies where the results become unstable, this observation can be used to set the weights to zero at these frequencies.
At the calibration failure frequency for line standard i (i = 1 or 2), all the S-parameters of a device measured with respect to the line show an instability. The calibration failure frequency can be estimated by finding the frequency, f oi , at which the linear magnitude of any one of the four S-parameters of the device (e.g., S 11 ) has a maximum corresponding to the instability. To obtain a weighting function for line standard i that vanishes at the observed calibration failure frequency, the weighting function w i of (7) is shifted in frequency as follows:
where f is frequency, Δf i = f pi − f oi is the difference between the calibration failure frequency predicted from the measured line length f pi and the observed calibration failure frequency f oi . It is these shifted weighting functions w i that are actually used to form the weighted mean in (8) . In (9), the shifted weight function w i at frequency f, w i (f ), is calculated from the weight w i evaluated at frequency f + Δf i , w i (f + Δf i ), which is in turn calculated from the phase φ i evaluated at frequency f + Δf i , φ i (f + Δf i ). Fig. 3 shows results obtained after applying the weighting function [i.e., (7) and (8)] to the measurement data presented in Fig. 2 . It can be seen that the step observed in Fig. 1 is no longer present in the measurement data in Fig. 3 . It can also be seen that the results in Fig. 3 vary smoothly, as a function of frequency, across the whole waveguide band and do not contain any of the instabilities seen in Fig. 2 at around 840 GHz and 950 GHz. Therefore, Fig. 3 shows that the weighting function has been successful in combining the two sets of measurement data for the DUT and producing a physically meaningful set of results for the DUT.
V. MEASUREMENT UNCERTAINTIES
When establishing traceable VNA measurements, it is important to estimate the uncertainty in the measurements. At these very high frequencies (i.e., where wavelengths are less than a millimeter) it is expected that random errors due to flange-toflange alignment during connection will dominate the overall measurement uncertainty. In order to evaluate this effect, consideration is given to the fact that flanges on both a DUT and the VNA test ports will be imperfect, to some extent. For the VNA test ports, this means that it is likely that different measurement results will be obtained for nominally the same device where the differences are due to physical differences (i.e., waveguide aperture size, shape, flange tolerances, etc.) between the test ports of port 1 and port 2 of the VNA. Similarly, for a given DUT, it is likely that different measurement results will be obtained when connected to the same VNA test port, if the DUT is rotated through 180°prior to connection. (The nature of the waveguide flange for this size of waveguide [16] permits two possible orientations for the connection of a DUT.) If we call one of these orientations "up" and the other orientation "down," we can identify four possible connection orientations for a two-port device when connected to a two-port VNA.
1) DUT port 1 connected to VNA port 1-DUT in "up" position. 2) DUT port 1 connected to VNA port 1-DUT in "down" position. 3) DUT port 1 connected to VNA port 2-DUT in "up" position. 4) DUT port 1 connected to VNA port 2-DUT in "down" position. Throughout this procedure, port 2 of the device is connected to the other available VNA test port-i.e., VNA port 2, for orientations 1 and 2; VNA port 1, for orientations 3 and 4. By connecting a DUT using the above-mentioned four orientations, an indication of the contribution to measurement uncertainty due to flange connection variability can be provided by a statistical analysis of the data obtained from each orientation. For a given two-port DUT, for each S-parameter (S ij , i = 1, 2; j = 1, 2) at each frequency, we can calculate the mean (where n is the number of connection orientations, n = 4)
and an indication of the uncertainty
The modulus signs in the standard uncertainty calculation (11), cause the standard uncertainty to be a scalar quantity whereas the mean (10) is a complex-valued quantity. S ij is taken as the result of the measurement and u(S ij ) is taken as the component of measurement uncertainty due to random errors. A more detailed treatment of the uncertainty in the Sparameters can be obtained by applying the techniques given in [17] and [18] . The process of undertaking these repeated connections also exposes another source of uncertainty-namely, errors due to the flexing of the cables that connect between the VNA front panel and the frequency-multiplier Extender Heads, as shown in Fig. 4 . Systematic errors due to the VNA instrumentation (i.e., linearity, noise floor, and test port mismatches) can be evaluated and combined in the usual way [19] . Generally, it is found that, at these frequencies, it is the random errors caused by flange misalignment that dominate the overall measurement uncertainty. Table II shows standard uncertainties due to these random errors (i.e., Type-A) along with standard uncertainties due to systematic errors (i.e., Type-B), at selected frequencies for the device whose measurement results are shown in Fig. 3 . This device has flanges that are similar to the IEEE 1785-2a "Precision Dowel" interface described in [16] . This table shows that the Type-A uncertainties are much larger than the Type-B uncertainties (generally by more than an order of magnitude), confirming that these random errors are the dominant source of measurement uncertainty for waveguide used at these frequencies. This paper has described a strategy for achieving traceable S-parameter measurements using VNAs at submillimeter wavelengths (300-3000 GHz). The strategy shows how TRL calibrations can be successfully realized at these very short wavelengths and how the resulting data can be combined using a weighting technique to produce results that show expected physical behavior as a function of frequency. A technique has also been given to help quantify uncertainty due to flange misalignment which is expected to be the dominant source of uncertainty for measurements in waveguide at these frequencies. He has more than 35 years' experience working in industrial, government, and academic research establishments. He is currently the Head of Electrical Science with the U.K.'s National Physical Laboratory. He is also a Non-Executive Director of LA Techniques Ltd., and a Visiting Professor with Pollard Institute, the University of Leeds; the Department of Electrical Engineering and Electronics, the University of Liverpool; and the Advanced Technology Institute, University of Surrey. His main research interest focuses on high-frequency precision electromagnetic measurement (1 kHz to 1 THz).
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